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1,2 Yttria-doped zirconia ͑YDZ͒ is used in solid oxide fuel cells and sensors. 1 Significant differences have been observed in the electrical properties such as size-dependent conductivity of nanoscale fluorite oxides ͑such as YDZ͒ compared to bulk counterparts. 3, 4 For example, we have recently observed that enhancements in total conductivity in YDZ are not substrate specific and activation energy for relaxation process obtained from modulus spectroscopy is significantly higher than the migration energy obtained from ion conductivity measurements. 5 Such results can partially be attributed to nanoscale effects on ion transport, including space charge contributions and spacedependent carrier concentration. 6 An elegant method to modulate the oxygen point defect chemistry is by using photon irradiation. These approaches have previously been used to enhance oxygen incorporation during low temperature ultraviolet ͑UV͒ assisted synthesis of oxides such as zirconia. 7 However, the effects of photon radiation on ion conduction properties in oxide nanostructures have so far been unknown. By performing conductivity measurements directly under photo-irradiation in a unique custom-built high temperature probe station, we demonstrate that UV radiation can lead to rapid and reversible changes in oxygen conductivity in nanoscale oxides. We anticipate this approach to have significant potential in enhancing the performance of oxide-based devices, minimizing solid oxide fuel cell losses ͑due to mass transport and activation͒.
Y-doped zirconia is a high permittivity dielectric with a wide band gap and the presence of oxygen nonstoichiometry and defects in YDZ are expected to introduce localized states. Photoluminescence studies of stabilized zirconia indicate that interband absorption occurs around 4 -5 eV depending on temperature. [8] [9] [10] Hence UV illumination in the wavelength range of 185 nm or higher may have an influence on oxygen migration from band excitation. The proposed band diagrams also predict states due to defects around 2 -3 eV that correspond to wavelengths of ϳ500 nm. 8, 9 Alternatively, changes in transport properties can be influenced by chemical activity variations in the atmosphere arising from photon-oxygen interactions. 7, 11, 12 We report in this letter that in the presence of UV radiation, the total conductivity of YDZ decreases whereas it remains unaltered when exposed to a green laser source of 532 nm wavelength.
9.5% yttria-doped zirconia films of different thicknesses were deposited on single crystal sapphire ͑0001͒ ͑from MTI Corporation͒ by vapor deposition. YDZ films of thickness in the range of 30-1000 nm were prepared by different methods, as shown in Table I . The film deposition, evaluation of film thickness, and physical and phase characterizations were carried out as described earlier. 5 RF sputtering was also carried out in argon at a background pressure of 5 mTorr using an 8% YSZ target for comparison. In addition, a single crystal YSZ ͑labeled as YSC in Table I͒ measuring 10 mm ϫ 10 mm and thickness of 0.5 mm was used as a reference sample representing a model bulk system. A customdesigned mercury vapor UV lamp with a primary wavelength of 254 nm and other ancillary major wavelength at 185 nm was used as the photon source. The electrical conductivity measurements were carried out using a homebuilt high temperature setup comprising of an alumina sample holder and electrical assembly. The samples were held horizontally on an alumina platen with the film surface facing up and clear through an opening in the alumina holder, as shown in Fig. 1 . This assembly was held in the hot zone of the furnace and UV light was shone from the colder top part using a mounted assembly. ac impedance measurements were carried out using a Solartron electrochemical system in the frequency range of 1 Hz-300 kHz and in the temperature range of a͒ Electronic mail: shriram@deas.harvard.edu 950-1160 K in air with and without the presence of UV radiation after sufficient equilibration at each temperature. A similar setup was used to perform measurements under 532 nm wavelength light source to understand the effect of incident photon wavelength on the resulting conductivity phenomena. Identical experiments were performed on bare substrates as well for comparison. Sample ac impedance spectra of the 70 nm sample ͑Y70͒ at 885°C recorded with and without the UV radiation are shown in Fig. 2͑a͒ . The plots show one semicircular arc corresponding to ionic conduction in the film and some low frequency features due to electrode processes. Similar semicircular arc is observed in the presence of UV radiation; however, the resistance of the sample is significantly higher. As illustrated, the results were found to be reproducible without any hysteretic effects over several on-off cycles. The impedance plots were fit to an equivalent circuit and the resistive parameters were obtained. The low frequency spike indicates the presence of phase elements due to charge transfer processes. No noticeable changes in the shape and slope of these features were seen until 0.01 Hz when exposed to UV radiation. The sample resistance remains unperturbed when exposed to green laser ͑532 nm͒, as shown in Fig. 2͑b͒ . The energy of this green laser is ϳ2.3 eV and is close to the predicted transition levels in YSZ; 8, 9 however, this radiation does not change the electrical conductivity of the films.
The temperature dependence of the conductivity of the films and its corresponding values under UV radiation in air is shown in Fig. 3 in the form of Arrhenius plots. As shown, the total conductivity decreases when the samples are irradiated with UV. The activation energies obtained for the samples were nearly ϳ1.0 eV and remain unchanged under radiation. UV induced conductivity changes on similar films grown on MgO ͑100͒ were also studied using four-probe van der Pauw method as a function of temperature. Similar order of decrease in conductivity was observed and this illustrates that it is an intrinsic film property.
Since the YDZ films are extremely thin, we expect the UV to influence though the sample thickness ͑i.e., both surface and bulk͒. A single crystal YSZ sample representing a bulk material shows very low ͑less than 1%͒ decrease in conductivity measured under identical UV illumination. Systematic studies performed on bare substrates showed negligible variation in conductivity under UV radiation. This clearly indicates that the change in conductivity is likely caused by modification in surface and near surface layers. We have also performed systematic conductivity studies on YDZ samples enclosed in a controlled atmosphere chamber with a fused silica optical window that is transparent in the UV regime. The reduction in conductivity was much higher than in the case of sample exposed to UV radiation in an open setup with flowing oxygen. For example, the reduction in conductivity was ϳ42% in the enclosed setup, compared to ϳ17% that was measured using setup shown in Fig. 1 .
UV radiation in the wavelength range of 180-300 nm is known to produce ozone by forming atomic oxygen ͑O 2 + h → 2O; O 2 +O→ O 3 ͒ and can enhance oxidation. 7 Such activated oxygen may alter the thermochemical equilibrium at the near-surface layers of the YDZ film. If such a surface modification leads to a net decrease in oxygen vacancies, reduction in conductivity would result. However this process requires two electrons as
Optical studies of stabilized zirconia indicate that interband transitions are possible in this energy range. [8] [9] [10] Excited electrons that are available at the near-surface layers could participate in the surface oxygen incorporation process.
12,13 Alternatively, electrons could also be trapped by positively charged oxygen vacancies and form color centers. 8, 14 Formation of color centers could also result in the reduction of effective concentration of oxygen vacancies that participate in electrical conduction. Additional studies are required to understand the elementary mechanism͑s͒ that lead to changes in electrical conductivity including any reactions that may occur at the triple phase boundaries of YDZ film and platinum electrode when exposed to UV radiation.
The electrical conductivity transients have been studied by galvanostatic measurements ͑at intervals of 0.1 s͒ in both nanoscale and bulk samples. A constant low dc current was passed through the sample and after sufficient stabilization; the UV source was switched on for 25 s and then shut off. The relative changes in dc conductivity obtained by galvanostatic measurements are shown in Fig. 4 . UV-activated changes were found to be similar in all samples independent of film thickness. This suggests that oxygen incorporation and removal under the influence of UV radiation are nearsurface processes and photoactivation enables rapid conductivity changes. Such an UV-activated near-surface process has significant potential for tailoring the oxygen exchange process at the cathode side of a solid oxide fuel cell or in gas separation membranes that use mixed conductors.
In summary, we demonstrate that an abrupt and reversible modulation of electrical conductivity of nanoscale yttriadoped zirconia thin films can be obtained under UV radiation. The fractional changes in conductivity are found to be as high as 42%. Minimal or no change in conductivity is observed for a bulk YSZ single crystal as well as bare sapphire substrates. Such UV induced surface modification has great potential for maneuvering surface catalytic activity in various devices based on oxide nanostructures.
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